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Proteins encoded by open reading frames (ORF) 3, 4, and 5 of the barley yellow dwarf luteovirus genome are translated
from a single subgenomic RNA. The structural proteins are encoded by ORF 3 (coat protein) and ORF 5 (readthrough
domain) and contain undefined domains that regulate the movement of virus through aphid vectors. The biological function
of the nonstructural 17-kDa protein encoded by ORF 4 is unknown. A complementation method was employed to test the
ability of barley yellow dwarf virions carrying mutations within the readthrough domain and the 17-kDa protein to be
transmitted by aphids and to cause systemic infections in plants. We show that the readthrough domain is required for
aphid transmission; however, it is not required for virus to be taken up by aphid hindgut cells and released into the hemocoel.
The circulative pathway of luteoviruses in aphid vectors requires that virus be actively transported from the hemolymph
into the salivary system. Thus, it appears that the readthrough domain is required for transport of virus through membranes
of the aphid salivary glands. Furthermore, the readthrough domain was not required for systemic infection of plants, but
did influence the accumulation of virus in infected plants. The 17-kDa protein is required for the systemic infection of plants.
q 1996 Academic Press, Inc.
INTRODUCTION serves as a barrier to transmission in nonvector aphids
differs for various virus isolate–aphid species combina-
The barley yellow dwarf luteoviruses (BYDV) are di-
tions (Gildow, 1993; Gildow and Gray, 1993), suggesting
vided into two subgroups based on genome organization
that different virus capsid protein domains interact with
(Miller et al., 1995). The viruses are further subdivided
putative receptors on the three aphid membranes.
into strains on the basis of their aphid transmission phe-
The BYDV capsid is composed of two proteins, a 22-
notype and immunological properties (Martin and D’Arcy,
kDa coat protein (CP) and a minor readthrough protein
1995). Luteoviruses are transmitted obligately by aphids
(RTP). The RTP contains the CP sequence fused to a
in a circulative, nonpropagative manner and efficient
50-kDa C-terminal extension, encoded by ORF 5 and ex-
transmission is often limited to one or two specific aphid
pressed by translational readthrough of the CP gene ter-
species. The transmission process requires that virions
mination codon (Fig. 2) (Dinesh-Kumar et al., 1992; Filich-
traverse the aphid hindgut epithelial cells into the hemo-
kin et al., 1994; Wang et al., 1995). Preparations of luteovi-coel and then traverse accessory salivary gland (ASG)
ruses purified from plants contain a truncated form ofcells into the salivary canal (Fig. 1). Virus exits the aphid
the RTP which lacks the C-terminal portion of the 50-kDaalong with salivary secretions during feeding (Gildow,
domain (Bahner et al., 1990; Cheng et al., 1994; Filichkin1987). Ultrastructural studies suggest that the passage
et al., 1994; Brault et al., 1995; Tian et al., 1995; Wang etof BYDV virus particles across the plasmalemma of hind-
al., 1995). The RTP is not required for assembly of luteovi-gut and ASG cells occurs by receptor-mediated endocy-
rus particles (Filichkin et al., 1994; Brault et al., 1995;tosis (Gildow, 1987, 1993; Gildow and Gray, 1993). In
Mohan et al., 1995; Tian et al., 1995). Furthermore, infec-addition, virus must bind to, and move across, the base-
tious clones of beet western yellows luteovirus (BWYV)ment membrane surrounding the ASG by an unknown
lacking portions of ORF 5 were infectious in plants, butmechanism (Gildow and Gray, 1993). The membrane that
were not aphid transmissible (Brault et al., 1995). Com-
parisons of amino acid sequences encoded by ORF 5 of
six luteoviruses revealed a higher degree of homology1 Current Address: Monsanto Corp., 7000 Chesterfield Village Park-
way, Chesterfield, MO. within the CP-proximal region of the ORF5 encoded poly-
2 Current Address: USDA Plant Gene Expression Center, 800 Bu-
peptide than the C-terminus (Guilley et al., 1994). Thechanan St., Albany, CA.
authors suggested that conserved amino acid se-3 To whom reprint requests should be addressed. Fax: (607)255-
2459. E-mail: SMG3@CORNELL.EDU. quences may contain domains involved in vector nonspe-
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FIG. 1. Diagram of the internal structures of an aphid that are involved in the circulative transmission of luteovirus. The circulative pathway is
depicted by arrows. HG, hindgut; MG, midgut; ASG, accessory salivary gland; PSG, principal salivary gland.
cific aspects of aphid transmission while the determi- PAV13 contains a 727-bp deletion in the middle of ORF
5. Only the CP-proximal one-fourth of the readthroughnants of vector specificity may reside in the C-terminal
portion. Three subgroup 2 luteoviruses that share Myzus domain can be translated. PAV23 contains a 1333-bp
deletion that eliminates ORF 3 (coat protein), ORF 4, andpersicae as a vector also share amino acid homology in
a portion of the RTP C-terminus (Guilley et al., 1994). the 5* half of ORF 5. PAV23 transcripts replicate in proto-
plasts, but do not produce coat protein. PAV32 containsAdditionally, two isolates of potato leafroll luteovirus
(PLRV) that differ in efficiency of transmission by M. persi- two nucleotide changes that modify the AUG start codon
of ORF 4 to GCG.cae also differed by only three amino acids, all located
within the C-terminal region of the RTP (Jolly and Mayo,
1994). In contrast, purified BYDV particles, containing a In vitro transcription and protoplast inoculation
C-terminal truncated form of the RTP, were efficiently
transmitted by aphids (Filichkin et al., 1994; Wang et al., Viral RNA transcripts were generated by in vitro tran-
1995). scription of SmaI-linearized plasmids with T7 RNA poly-
Once delivered to a plant a virus must be able to move merase using the Megascript kit (Ambion, Austin, TX)
between cells in the plant, a function encoded by at least according to manufacturers’ instructions. All transcripts
one nonstructural viral protein (Deom et al., 1992). No were uncapped. Protoplasts were isolated from Avena
such cell-to-cell movement protein has been identified sativa cv. Stout suspension culture (cell line 5226 ob-
for luteoviruses, although the RTP of BWYV does influ- tained from Howard Rines, USDA, ARS, University of Min-
ence the titer of virus accumulating in plant tissue (Brault nesota) as described previously (Dinesh-Kumar and
et al., 1995). In addition, the ORF 4-encoded protein of Miller, 1993). Approximately 21 106 oat protoplasts were
PLRV has biochemical properties associated with known electroporated with 15 mg of transcript RNA or 100 ng of
movement proteins, including the ability to be phosphory- viral RNA as described previously (Wang et al., 1995).
lated and to bind nucleic acids nonspecifically (Tacke et
al., 1991, 1993). In this study we develop a complementa- Aphid transmission assay
tion assay that shows that the readthrough domain (ORF
5) is required for BYDV-PAV to move through aphids and Protoplasts were harvested 48 hr after electroporation
that the product of ORF 4 is indeed required for BYDV- by centrifugation at 600 g for 6 min. The supernatant was
PAV to spread systemically in plants. removed and the pellets resuspended in 100 ml of 10
mM sodium phosphate buffer, pH 7.0, sonicated for 1–2
MATERIALS AND METHODS sec, and centrifuged at 8000 g for 5 min. The supernatant
containing virus was diluted 1:2 in 50% sucrose and fed
Virus isolate and plasmids
to virus-free Rhopalosipum padi through Parafilm mem-
branes (Wang et al., 1995). Following a 24- to 48-hr acqui-The New York PAV isolate of BYDV (BYDV-PAV-NY)
and its propagation in oat (Avena byzantina cv. Coast sition access period, groups of 10–20 aphids were
placed on individual oat seedlings and allowed a 72- toBlack) have been described (Rochow, 1969). Virus was
purified and RNA obtained as described (Hammond et 96-hr inoculation access period. Aphids were killed by
fumigation with 0,0-dimethyl-0-(2,2-dichlorovinyl) phos-al., 1983; Webby and Lister, 1992). The wild-type tran-
scription vector, pPAV6, described previously by Di et al. phate. Plants were grown in insect-free greenhouses and
observed for symptoms for 8–16 weeks. Plants were also(1993), contains a full-length copy of a BYDV-PAV isolate.
Construction of three deletion or point mutants of the assayed, usually 2–3 weeks postinoculation, for virus
infection by ELISA and/or RT–PCR using primers specificgenomic transcript, PAV13, PAV23, and PAV32 (Fig. 2),
was described previously (Mohan et al., 1995). Briefly, for the coat protein gene (see below).
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FIG. 2. (A) Genome organization of BYDV-PAV. Open reading frames (boxes above) are numbered as in Miller et al. (1995). The size of the
encoded protein in kDa (K) is indicated above or below each box. (B) The 3* half of the genome is shown for the wild-type PAV6 transcript and the
three deletion and point mutants used in this study. The RNA (boldface line) and restriction enzyme sites are shown below PAV6 ORFs. The
truncated or untranslatable ORFs in PAV13 and PAV23 are indicated by triangles and deletions by angled lines. The altered ORF 4 initiation codon
(GCG) is shown. The potential proteins that would result from translation initiation at downstream initiation codons are depicted by the dashed-
line boxes.
Protein analysis procedure. An anti-17K polyclonal serum was produced
in a rabbit as described previously (Di et al., 1993).
Aliquots of electroporated protoplasts were assayed
for virus using ELISA as described previously (Wang et RT–PCR of plant extracts and aphid hemolymph
al., 1995). Immunoblots (Western blots) were performed
essentially as described by Rizzo and Gray (1992). Nitro- RT–PCR of BYDV viral sequences from plant tissue
cellulose membranes were stained with Ponceau red to was as described by Robertson et al. (1991), except the
verify electrophoretic transfer of proteins and to identify annealing temperature for primers specific to the ORF 5
molecular weight markers. Bound antibodies were de- sequence was 607. Coat protein gene sequences were
tected using alkaline phosphatase-conjugated goat anti- amplified using primers Lu1 and Lu4 (Robertson et al.,
rabbit or anti-mouse antibodies. Antibodies specific to 1991). Primers to detect ORF 5 sequences by RT–PCR
the PAV coat protein and the PAV RTP were described were O5R1 (5*GCGTGGAAGGCGCATTCGCGGC3*) com-
by Wang et al. (1995). To generate antibodies specific to plementary to nucleotides 4610–4589, O5R2 (5*GGT-
the 17-kDa protein, a 458-bp DNA fragment containing GGGCAATGGTTCCGCATACCG3*) complementary to
the entire ORF 4 was generated from pSP1 (Dinesh- nucleotides 4279–4256, and O5F1 (5*GCAAGCTCGGTG-
Kumar et al., 1992) by PCR using the primers 5*GAC- GACAGTCGATGC3*) corresponding to nucleotides 3645–
CATGGCACAAGAAGGAGGCGCCG3*, which contains a 3668. The primers amplify both PAV-NY and PAV6-de-
NcoI site (italics) and corresponds to nucleotides 2905 – rived RNAs. All nucleotide numbering is according to the
2922 (Miller et al., 1988a), and 5*TAGGATCCCTATCGT- sequence of PAV-Vic (Miller et al., 1988a).
TGATTCCTGGAATTC3*, which contains a BamHI site RT–PCR was also used to detect virus in aphid hemo-
(italics) and is complementary to nucleotides 3341–3362 lymph. Aphids were fed on extracts of protoplasts (de-
(Miller et al., 1988a). The PCR-amplified product was gel- scribed above) infected with PAV-NY RNA or RNA tran-
purified, digested with NcoI and BamHI, and cloned into scripts derived from PAV6, PAV13, PAV32, or PAV23.
the bacterial expression vector pET11d (Novagen, Madi- Hemolymph was collected from individual aphids by first
son, WI) digested with the same enzymes to generate injecting aphids with DEPC-treated water. Injections
pSP17K. Plasmid pSP17K was transformed into Esche- were made as previously described (Gildow and Gray,
richia coli strain BL21(DE3). Recombinant protein was 1993), except the micropipet was inserted at the base of
a leg. When the micropipet was withdrawn, a 2- to 3-mlpurified according to the manufacturer’s recommended
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drop of hemolymph bled out. This was further diluted PAV6 and PAV13, but not in protoplasts infected with
PAV32 (Fig. 3). The polyclonal antisera specific to the C-with DEPC-treated water from the micropipet and col-
lected. The DEPC-treated water helped prevent coagula- terminus of the RTP (O5C) detected full-length RTP from
protoplasts infected with PAV6 and PAV32, but not intion of the hemolymph and allowed us to obtain sufficient
quantities of hemolymph for the RT–PCR assay. Hemo- protoplasts infected with PAV13. The 34-kDa truncated
RTP that would result from translation of PAV13 waslymph samples from three aphids were added to 20 ml
of DEPC-treated water containing 0.1% SDS and 0.1 mg/ not detected by either capsid protein-specific antibodies
(Fig. 3) or antibodies specific to the N-terminus of theml proteinase K. Total nucleic acid was extracted from
the same three aphids by grinding in extraction buffer RTP (data not shown). This suggests that the polypeptide
was either not produced or did not accumulate due to(100 mM glycine, 10 mM EDTA, and 100 mM NaCl) and
adding SDS and proteinase K to final concentrations of instability. No CP, 17K, or RTP was detected from proto-
plasts electroporated with PAV23 (Fig. 3).0.1% and 0.1 mg/ml, respectively. Hemolymph and whole
aphid samples were incubated 5 min at 377, extracted Crude preparations of infected protoplasts were ana-
lyzed for the presence of virus particles by immunosor-with phenol:chloroform, and ethanol precipitated. RT –
PCR was performed as described (Robertson et al., 1991) bent electron microscopy (Gildow and Gray, 1993). Mor-
phologically normal virus particles, indistinguishableusing primers specific to the coat protein gene.
To determine if the method of hemolymph collection from those of PAV, were observed from protoplasts elec-
troporated with PAV6, PAV13, or PAV32 transcripts (datawas possibly rupturing the alimentary canal and allowing
virus to leak into the hemolymph, aphids were allowed not shown), indicating that the 17-kDa protein and RTP
were not required for the assembly of particles.to acquire brome mosaic virus (BMV) (1 mg/ml) from
Parafilm membranes. BMV is ingested by aphids, but
Acquisition and transmission of mutant virusesdoes not penetrate the gut into the hemocoel (Gildow,
1993). Hemolymph and total nucleic acids were collected
R. padi transmitted virus from PAV-NY- and PAV6-in-
and analyzed as described for BYDV using primers spe-
fected protoplasts to oat plants (Table 1). In general, the
cific for the BMV CP gene. The 5* primer (5*TATTAAGGA-
transmission efficiency of PAV6 was lower than that of
TCCCGACTTCAG3*) was complementary to nucleotides
PAV-NY. This may reflect a difference in aphid transmis-
1237–1257; the 3* primer (5*GAGCAGGATCCCTACCTA-
sion efficiency of the PAV-Vic isolate, from which PAV6
TA3*) corresponds to nucleotides 1806–1825 (Ahlquist
was derived, by our biotype of R. padi or a decrease due
et al., 1984). Primers were a gift from R. French, USDA,
to lower infectivity of the cloned virus. Plants infected
ARS (Lincoln, NE).
with PAV6-derived virus exhibited disease symptoms
similar to symptoms in plants infected with PAV-NY, al-
RESULTS though the onset of leaf chlorosis was usually delayed
by 2–3 days. No plants became infected when inoculatedInfectivity of BYDV transcripts in protoplasts
with aphids fed on virus produced by PAV13 or PAV32.
The wild-type infectious transcript of BYDV-PAV (PAV6)
and two constructs that disrupt either the coding region Detection of virus in aphid hemolymph
of the RTP (PAV13) or the 17-kDa nonstructural protein
The inability of virus derived from PAV13 or PAV32 to(PAV32) infected protoplasts. Virus antigen levels, mea-
be transmitted to plants by aphids could have been duesured by ELISA, varied among experiments and among
to an inability of virus to circulate through an aphid ortranscripts, but indicated that neither of the mutations
an inability of virus to systemically infect the inoculatedreduced infectivity relative to the wild-type PAV6 (Table
plant. To test if virions were able to pass through the1). These results agree with a previous study that evalu-
hindgut cells into the aphid hemocoel, the first step inated the replication of these constructs by Northern blot
the circulative transmission process (Fig. 1), hemolymphanalysis (Mohan et al., 1995).
was analyzed for the presence of viral RNA by RT–PCR.
Virus derived from PAV13 and PAV32 was acquired byDetection of viral proteins in infected protoplasts
aphids and was able to be transported across the hind-
gut into the hemocoel. Virus was detected in total nucleicTo confirm the effect of the mutations in PAV13 and
PAV32, infected protoplasts were harvested 48 hr after acid extracts and hemolymph samples from all groups
of aphids tested that had fed on protoplasts infected withelectroporation and analyzed for the presence of viral
proteins by Western blot analysis. A monoclonal antibody NY-PAV RNA, PAV6, PAV13, and PAV32 (Fig. 4). No virus
was detected in aphids fed on protoplasts infected with(1C2), which is specific to the CP (Rizzo and Gray, 1992),
detected similar levels of coat protein from protoplasts PAV23, indicating that unencapsidated viral RNA was
readily degraded in the protoplast lysate or in the aphidelectroporated with PAV6, PAV13, and PAV32. Polyclonal
antisera to the 17 kDa protein detected a protein of ap- gut. BMV was detected from total nucleic acid extracts,
but never from hemolymph (Fig. 4).proximately 17-kDa in protoplasts infected with wild-type
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TABLE 1
Aphid Transmission of BYDV Mutants from Extracts of Infected Oat Protoplasts
Experiment
BYDV
construct 1 2 3 4 5 6 7 Total
PAV6 9/21a 4/14 1/8 11/12 3/4 1/3 2/4 31/66
A405 (0.530)b (0.350) (0.130) (0.560) — (1.460) (0.679)
PAV13 0/23 0/15 0/8 — 0/4 0/8 0/8 0/66
A405 (0.640) (1.260) (0.130) — (1.400) (1.120)
PAV32 0/20 0/4 0/8 — 0/4 0/8 0/8 0/52
A405 (0.730) (1.000) (0.690) — (1.760) (0.384)
PAV13 / 32 — — 0/4 6/14 2/4 1/8 3/8 12/38
A405 (0.350) (0.870) (1.139) (1.528)
PAV23 0/4 — 0/4 — — — — 0/8
A405 (0.010) (0.000)
PAV-NY 7/10 — — 15/24 — — — 22/34
A405 (0.560) —
a Aphids were allowed a 34– 48 hr acquisition access period on infected protoplast extracts sandwiched between Parafilm membranes. Groups
of 10–15 aphids were transferred to individual oat plants to assess transmission and allowed a 72–96 hr inoculation access period. Numbers are
total number of plants infected/total number of plants infested with aphids.
b Absorbance values (A405) determined by ELISA of protoplast extracts. Numbers can be directly compared within, but not between experiments.
Analysis of coelectroporated virus transcripts 2), but 12-fold lower than in a PAV6-infected plant (A405 
1.183). Virus titer measured at 10 weeks postinoculation
To separate the function of aphid transmission from
increased in PAV13 / 32 plants (A405  1.176 { 0.104,systemic infection, transcripts of PAV13 and PAV32 were
n  2), but was still less than that in a PAV6-infected
coelectroporated into protoplasts and extracts fed to
plant (A405  2.003). Five different PAV13 / 32-infectedaphids. When inoculated plants were assayed for infec-
plants were used as source tissue for aphid transmission
tion using RT–PCR to amplify the CP gene sequence,
experiments, but virus was not detected in any of the 44
viral RNA was detected in 12 of 38 plants (Table 1). In
recipient plants tested by ELISA and none developed
general, the plants did not develop the typical yellowing
visual symptoms. The long acquisition feeding times
symptoms induced by PAV6, although some leaf chloro- used (48–72 hr) would have compensated for the effect
sis and brittleness developed on three plants 6 to 12 of low virus titer on transmission efficiency (Gray et al.,
weeks after inoculation. The virus titer in PAV13 / 32- 1991).
infected plants, measured by ELISA at 4 weeks after To characterize the virus in the PAV13 / 32-infected
inoculation (A405  0.099 { 0.009, n  3), was 2 to 3 plants, RT–PCR assays were done using two sets of
times that of healthy controls (A405  0.031 { 0.007, n  primers that could distinguish PAV32 from PAV13. One
set of primers, O5F1 and O5R1 (see Materials and Meth-
ods), flanks the region of ORF 5 that was deleted in
PAV13 (Fig. 5A). Using this set of primers, plants infected
with PAV6 or protoplasts infected with PAV6 or PAV32
yielded the expected 965-bp RT–PCR product (Fig. 5B).
An additional, unexpected band of about 400 bp also
appeared occasionally, but this does not affect the inter-
pretation of the results. Protoplasts infected with PAV13
and all plants infected with PAV13 / 32 yielded a 265-bp
RT–PCR product (Fig. 5B). Protoplasts coelectroporated
with PAV13 and PAV32 transcripts yielded only the 265-
bp RT–PCR product (Fig. 5B), indicating the presence ofFIG. 3. Western blot analysis of protoplasts electroporated with tran-
PAV13 alone. However, evaluation of the viral proteinsscripts indicated above each lane. The top section of the blot containing
proteins in the size range of 60 – 200 kDa was probed with an antibody produced in coelectroporated protoplasts had indicated
specific to the carboxyl half of the ORF 5 encoded readthrough domain that both PAV13 and PAV32 were present in the proto-
(PAb O5C). The bottom section of the blot containing proteins smaller plast extract used to feed aphids (Fig. 2, lane 13 / 32).
than 60 kDa was probed with a mixture of antibodies specific to the
These results suggested that the O5F1 and O5R1 setscapsid protein (1C2) and to the 17-kDa ORF 4 encoded protein (PAb
of PCR primers were able to detect and distinguish17K). Positions of the full-length readthrough protein (P72 RTP), the
coat protein (P22 CP), and the 17-kDa protein (P17) are indicated. PAV13 and PAV32 from protoplasts infected with either
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transcript alone, but when both transcripts were present
these primers preferentially amplified the 265-bp frag-
ment. This could be explained by the smaller fragment
out-competing the larger one during the PCR.
Because only the 265-bp RT–PCR product was de-
tected from protoplasts infected with a mixture of PAV13
and PAV32, it was possible that plants inoculated with
the mixture contained RNA derived from PAV32 that was
similarly undetected by PCR. To test more specifically
for the presence of PAV32 RNA in PAV13 / 32-infected
plants, a primer corresponding to sequences in PAV32
and absent in PAV13 (O5R2) was used in combination
with O5F1. These primers were expected to amplify a
634-bp product from PAV32 RNA and no product from
PAV13 RNA (Fig. 5C). The expected 634-bp product was
amplified from protoplasts infected with PAV6, PAV32, or
co-infected with PAV13 and PAV32 (Fig. 5C). No product
of the expected size was amplified from plants infected
with PAV13 / 32 or protoplasts infected with PAV13 (Fig.
5C). Again, an unexpected band appeared occasionally.
FIG. 5. Detection of BYDV ORF 5 sequences from protoplasts and
plants using RT–PCR. (A) ORF 5 of PAV6 or PAV32 is shown along
with the positions of the primers used in the assay. The 727-bp region
that is deleted in PAV13 is indicated by cross-hatching. The expected
965-bp RT–PCR product from PAV6 or PAV32 and the expected 265-
bp product from PAV13 are shown below each ORF 5 diagram and are
indicated on the accompanying agarose gel. (B) Lane Mr, DNA size
markers; protoplasts infected with PAV13, PAV32, and PAV13 / 32 are
indicated by the corresponding number; plants infected with PAV6,
PAV13 / 32; PAV6 plasmid; PAV13 plasmid. (C) RT–PCR of BYDV ORF
sequences specific to PAV6 and PAV32, but not PAV13. The lanes are
identical to lanes 1–8 in Fig. 5A.
These results indicate that RNA derived from the PAV13
clone but not the PAV32 clone accumulated in the sys-
temically infected leaves of plants inoculated with the
mixture of these two mutant viruses.
FIG. 4. Detection of BYDV capsid protein sequences in whole aphids
and aphid hemolymph using RT –PCR. Primers used were specific for
DISCUSSIONcoat protein sequences, see text for details. Aphids were allowed a
48-hr acquisition feeding period on extracts from protoplasts electro-
porated with PAV6, PAV13, PAV23, PAV32, no RNA (NR), NY-PAV RNA Our results clearly demonstrate that a central portion
(VR), or brome mosaic virus RNA (BM). (A) Total nucleic acid extracts of the readthrough protein of BYDV-PAV is required for
from three whole aphids used previously for collection of hemolymph aphid transmission. The PAV13 transcript which lacked
samples. (B) Total nucleic acids from the hemolymph samples collected
a 727-bp fragment of ORF 5 would encode the first 89and combined from the same three aphids analyzed in panel A. The
amino acids of the RTP and would be expected to trans-position of the expected 530-bp RT–PCR product is indicated by the
arrows. late a RTP of approximately 33 kDa. However, a truncated
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form of the RTP was not detected from protoplasts or The inability of PAV13 to be transmitted to plants pro-
vided indirect evidence that RTP was required for aphidplants, a result similar to that described by Filichkin et
al. (1994). Either the truncated RTP is translated but does transmission; however, an inability to mechanically inoc-
ulate plants prevented us from obtaining direct evidencenot accumulate or cis-acting signals that mediate the
readthrough event may have been eliminated by the 727- that PAV13 was capable of causing a systemic infection
in plants. The coelectroporation of PAV13 and PAV32bp deletion. Based on translational analysis of mutants
we think the latter hypothesis is likely (Brown et al., 1995). transcripts into protoplasts provided a method to circum-
vent this problem and to directly show that PAV13 virusThe lack of transmission was not due to effects of the
mutations on CP because replication of PAV13, relative could systemically infect plants if delivered into phloem
tissue and was therefore transmission defective. We hy-to wild-type PAV6, was not reduced in protoplasts (Mo-
han et al., 1995) and coat protein accumulated to wild- pothesize that the coelectroporation of PAV13 (CP-RTP
mutant) and PAV32 (17K mutant) allowed for the heterolo-type levels (Fig. 2).
The lack of RTP did not affect virus assembly, a finding gous encapsidation of viral RNAs in the structural pro-
teins produced by each virus. Heterologous encapsida-that agrees with previous observations on BYDV and
other luteoviruses (Filichkin et al., 1994; Brault et al., tion between BYDV isolates is common (Rochow, 1970;
Hu et al., 1988; Creamer and Falk, 1990; Wen and Lister,1995; Mohan et al., 1995). The RTP0 PAV13 virions were
not transmitted to plants, although they were imbibed by 1991). Here, the functional RTP of the PAV32 mutant
could assemble an aphid transmission-competent virionaphids and transported into the hemocoel. The transmis-
sion of PAV by R. padi, or other vectors, requires active containing either its own viral RNA or PAV13 RNA. We
propose that virions containing RTP would be transmissi-transport of the virus across the hindgut epithelial cells
by receptor-mediated endocytosis. BYDV transport ble, while those without it would cross the aphid hindgut
membrane and enter the hemocoel, but be blocked fromacross the aphid hindgut is, for the most part, not strain-
specific and is likely to involve domains on the BYDV further circulation into the ASG. Upon delivery of trans-
missible transencapsidated virions to the plant phloemcapsid that are common to most BYDV strains (Gildow,
1993). Sequence comparisons of luteovirus coat proteins cells, PAV13 RNA could then establish a systemic infec-
tion. Progeny virus of PAV13 would be nontransmissibleand RTPs identify homologous regions within both pro-
teins (Vincent et al., 1990; Guilley et al., 1994). Guilley et due to the deletion of sequences coding for the RTP. Our
failure to transmit PAV13-derived virus from plant to plantal. (1994) proposed that conserved motifs in the N-termi-
nal half of the RTP may participate in virus recognition at by aphids supports this hypothesis.
Using Agroinfection, Brault et al. (1995) were able tothe hindgut. In contrast, because none of the readthrough
domain was expressed from PAV13, we propose that inoculate plants directly, without the use of aphid vectors.
Their mutations in the RTP that eliminated aphid trans-domains within the coat protein are sufficient for acquisi-
tion of BYDV-PAV through the hindgut. mission from these plants also reduced virus titer, sug-
gesting that the RTP could also play a role in replicationOnce PAV is acquired into the aphid’s hemocoel it
must associate with, and be transported across, two or systemic movement. Therefore, it was possible that
the lack of aphid transmission of at least some of thesemembrane barriers of the accessory salivary gland (ASG)
(Gildow and Gray, 1993). The inability of the RTP0 PAV13 mutants was due to low titer, and not loss of aphid trans-
mission per se. In contrast, we show that an RTP-defi-virus to be transmitted to plants provides indirect evi-
dence that the RTP may be required for association with cient virus that replicates at least as well as wild type
(PAV13) is not aphid transmissible. Thus lack of transmis-the ASG. It is not known at this time whether virus trans-
mission was blocked by an inability of virus to associate sion is not due to poor replication. However, because
like Brault et al. (1995) we observe a lower titer in thewith the ASG basement membrane or the ASG plas-
malemma. Ultrastructural studies showed that in nonvec- plant, we likewise cannot rule out a possible contribution
of the RTP to systemic movement either by contributingtor aphids, PAV failed to associate with the ASG base-
ment membrane (Peiffer et al., 1993). BWYV particles to virion stability or by more direct interactions with plant
cell components.lacking RTP were also not transmissible when injected
into the hemocoel of a vector, leading the authors to The inability of PAV32-derived virus to infect plants
suggests that the 17-kDa protein provides a systemicconclude that RTP was required for virion stability in the
hemocoel and/or for passage through the ASG (Brault et movement function. PAV32, which differs from wild-type
virus only by lacking the capacity to produce this protein,al., 1995). Our detection of PAV13 in aphid hemolymph
by RT–PCR suggests that the virus was stable in the failed to infect plants systemically but replicated well in
protoplasts where no movement function is necessary.hemocoel. PAV23 RNA (unable to translate coat protein
and form virions) was not detected from hemolymph if The inability of PAV32-derived virus to infect plants was
unlikely a result of a defect in aphid transmission be-injected into the aphid’s hemocoel 24–48 hr previously
(Gray, unpublished), indicating that the unencapsidated cause it produced morphologically normal virions. Fur-
thermore, the 17-kDa protein is not associated with wild-viral RNA was not stable in hemolymph.
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barley yellow dwarf luteoviruses in doubly infected plants. J. Gen.type (aphid-transmissible) virions. Our failure to detect
Virol. 71, 211–218.PAV32 RNA in co-inoculations with PAV13 shows that
Deom, C. M., Lapidot, M., and Beachy, R. N. (1992). Plant virus move-
the functional 17-kDa protein did not complement the 17- ment proteins. Cell 69, 221–224.
kDa mutant. If 17-kDa protein is required for movement, Di, R., Dinesh-Kumar, S. P., and Miller, W. A. (1993). Translational frame-
shifting by barley yellow dwarf virus RNA PAV serotype in Escherichiacomplementation would require that the initially as well
coli and in eukaryotic cell-free extracts. Mol. Plant–Microbe Interact.as the secondarily infected cells contain both PAV13 and
6, 444–452.PAV32 virions. Such an event might be unlikely. Little is
Dinesh-Kumar, S. P., Brault, V., and Miller, W. A. (1992). Precise mapping
known about the minimum number of virions required to and in vitro translation of a trifunctional subgenomic RNA of barley
establish an infection due to the requirement of aphid yellow dwarf virus. Virology 187, 711–722.
Dinesh-Kumar, S. P., and Miller, W. A. (1993). Control of start codoninoculation into phloem cells and the lack of a local le-
choice on a plant viral RNA encoding overlapping genes. Plant Cellsion host. In contrast, the PAV13 genome can be trans-
5, 679–692.mitted to and spread in a plant with no need for in-plant
Filichkin, S. A., Lister, R. M., McGrath, P. F., and Young, M. J. (1994).
complementation. Its deficiency is most likely comple- In vivo expression and mutational analysis of the barley yellow dwarf
mented by heterologous encapsidation in the protoplast. virus readthrough gene. Virology 205, 290–299.
Gildow, F. E. (1987). Virus–membrane interactions involved in circula-Co-infections of different RNA molecules in the same
tive transmission of luteoviruses by aphids. Curr. Top. Vector Res.protoplast occur efficiently with luteoviral RNAs (Silver et
4, 93–120.al., 1994).
Gildow, F. E. (1993). Evidence for receptor-mediated endocytosis regu-
Although it was once speculated that ORF 4 encodes lating luteovirus acquisition by aphids. Phytopathology 83, 270–277.
a genomic-linked protein (Vpg) (Miller et al., 1988b), Gildow, F. E., and Gray, S. M. (1993). The aphid salivary gland lamina
basal as a selective barrier associated with vector-specific transmis-mounting evidence indicates that this is unlikely and that
sion of barley yellow dwarf luteovirus. Phytopathology 83, 1293–PAV may not contain a VPg (Miller et al., 1995). The
1302.strongest evidence to date being that ORF 4 is unneces-
Gray, S. M., Power, A. G., Smith, D. M., Seaman, A. J., and Altman,
sary for luteovirus RNA replication in protoplasts (Reuten- N. S. (1991). Aphid transmission of barley yellow dwarf virus acquisi-
auer et al., 1993; Mohan et al., 1995). The results pre- tion access periods and virus concentration requirements. Phytopa-
thology 81, 539–545.sented here further reduce the likelihood of ORF 4 encod-
Guilley, H., Wipf, S. C., Richards, K., Lecoq, H., and Jonard, G. (1994).ing a VPg, by identifying a function, systemic movement,
Nucleotide sequence of cucurbit aphid-borne yellows luteovirus. Vi-that is not consistent with known VPg function. Here, we
rology 202, 1012–1017.
provide the first genetic and biological evidence for a Hammond, J., Lister, R. M., and Foster, J. E. (1983). Purification, identity
movement protein in luteoviruses, and the first such evi- and some properties of an isolate of barley yellow dwarf virus from
Indiana. J. Gen. Virol. 64, 667–676.dence of a function for the 17-kDa protein (ORF 4) in
Hu, J. S., Rochow, W. F., Palukaitis, P., and Dietert, R. R. (1988). Pheno-luteoviruses.
typic mixing mechanism of dependent transmission for two related
isolates of barley yellow dwarf virus. Phytopathology 78, 1326–1330.
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